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Abstract

:

Casein microparticles are produced by flocculation of casein micelles due to volume exclusion of pectin and subsequent stabilization by film drying. Transglutaminase post-treatment alters their stability, swelling behavior, and internal structure. Untreated particles sediment due to their size and disintegrate completely after the addition of sodium dodecyl sulfate. The fact that transglutaminase-treated microparticles only sediment at comparable rates under these conditions shows that their structural integrity is not lost due to the detergent. Transglutaminase-treated particles reach an equilibrium final size after swelling instead of decomposing completely. By choosing long treatment times, swelling can also be completely suppressed as experiments at pH 11 show. In addition, deswelling effects also occur within the swelling curves, which enhance with increasing transglutaminase treatment time and are ascribed to the elastic network of cross-linked caseins. We propose a structural model for transglutaminase-treated microparticles consisting of a core of uncross-linked and a shell of cross-linked caseins. A dynamic model describes all swelling curves by considering both casein fractions in parallel. The characteristic correlation length of the internal structure of swollen casein microparticles is pH-independent and decreases with increasing transglutaminase treatment time, as observed also for the equilibrium swelling value of uncross-linked caseins.
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1. Introduction


The interest in developing casein-based microparticles for pharmaceutical or medical applications is steadily increasing due to their biocompatibility and easy availability. To overcome the problems of conventional therapy and enhance efficacy a controlled delivery of the therapeutic agent is essential. There are different approaches in delivering essential drugs and bioactive substances to the target site. For instance, magnetic nanoparticles with different shapes and morphologies, like rod-shape [1], and after coating with organic polymers, usually polyethylene glycol (PEG), can serve to deliver compounds to specific target locations [2]. Another important approach is microencapsulation using biopolymers, which provides protection against harsh environments and facilitates the controlled release of pharmaceuticals. Protein-based biopolymers are suitable for delivering both hydrophilic and hydrophobic bioactive compounds because of their chemical and structural versatility [3]. However, the choice of an appropriate protein for a specific transporter depends on the properties of the polymers (biocompatibility, biodegradability, size, charge, surface properties, etc.), properties of the substance to be encapsulated (solubility, stability, polarity, binding ability, etc.) and properties of the surrounding environment (temperature, pH, ionic strength, solvent properties, etc.). Among proteins that have been tested for delivery systems, milk protein (e.g., casein) has proven an efficient encapsulation material owing to its structural and functional properties [4,5,6]. The milk protein, casein, exhibits an unfolded conformation required to form a thermodynamically stable complex with amorphous calcium phosphate [7]. In their native state, casein micelles are polydisperse, spherical particles with a mean diameter of 160 nm [8]. Their inner structure is highly porous and hydrated [9,10,11].



The typical process of producing microparticles involves gel formation, emulsification, spray drying, and heat treatment [12]. For instance, caseins form gels with polysaccharides (gum, carboxymethyl cellulose, and pectin), which can also be used for encapsulation of bioactive compounds [13,14]. A gentle method for the production of casein microparticles (CMPs) is based on flocculation aggregation of casein micelles under neutral pH conditions at room temperature [15]. In this process, several µm-sized casein aggregates are formed in solution due to the volume exclusion of added pectin [16], but these aggregates disintegrate again when the pectin is removed. However, the casein aggregates can be compacted by film drying in the pectin matrix and solidified after ellipsoidal deformation [15]. These can then be removed from the film matrix by degradation of the pectin using the enzyme pectinase and subsequently resolubilized in a buffer while returning to their spherical shape [17].



The investigation of the stability and swelling behavior of CMPs is of interest in view of their potential use as carriers for bioactive compounds for immediate or controlled release application. Stability studies have shown that CMPs completely decompose after the addition of sodium dodecyl sulfate [18], suggesting that hydrophobic interactions are crucial for cohesion [19,20]. In contrast, electrostatic contacts are also crucial for the swelling of CMPs, since water uptake strongly depends on the pH value and calcium ion content of the swelling medium. If they expand to more than twice their microscopically observed projected area during this process, the physical interaction contacts are no longer sufficient and the CMPs dissolve [21]. While swelling is completely inhibited in the acidic and neutral pH range, strong water absorption occurs in the basic pH range. At pH 8, the particles swell and disintegrate only after hours, while this happens within minutes at pH 11 and within seconds at pH 14 [22]. However, the swelling process can also be suppressed at pH 11 if calcium ion concentrations > 10 mM are present [21]. In the basic pH range, caseins are negatively charged and interact with water all the better with increasing pH and charge state. During swelling the polymer strands gain in mixing and configurational entropy—but if a chemically cross-linked network is present, the strands are stretched and configurational entropy decreases [23]. Chemically cross-linked networks such as acrylamide hydrogels therefore generally exhibit lower equilibrium swelling percentages [24]. Caseins can be chemically cross-linked with the help of the enzyme transglutaminase (TGase), which catalyzes the acyl-transfer reaction between the carboxyl group (-COOH) of glutamine residue and the ε-amino group (-NH2) of a lysine residue of casein [25,26]. On the one hand, this increases the colloidal stability of the casein micelles and their resistance to various chemical and process conditions [26,27,28,29], and on the other hand, higher aggregated structures can also be stabilized [30,31].



The most common release strategy is achieved by disintegration or swelling of the carrier particles [32]. The ability of CMPs to protect themselves from complete disintegration after swelling is of interest for the controlled release and encapsulation of bioactive compounds. In the latter case, swelling can lead to convective uptake of substances by the unloaded microparticle matrix in addition to diffusive uptake [33].



The use of CMPs has several advantages over nanoparticles. In contrast to CMPs, drastic process condition such as high hydrostatic pressure treatment is needed for production of casein nanoparticles [13]. For use as an oral delivery system, colloidal stability under acidic conditions is required for gastric passage. With their interesting pH-dependent swelling behavior and high acid stability, CMPs exhibit optimal characteristics for this purpose. Native nano-sized casein micelles, however, tend to aggregate and form a gel under these conditions and are hence not stable [34]. Furthermore, casein nano-micelles would simply be too small to encapsulate probiotic microorganisms [35].



Therefore, the aim of this study was to investigate the influence of TGase post-treatment on the swelling behavior of CMPs with the purpose of preventing decomposition. For a detailed investigation of the swelling mechanism, we performed the experiments at pH 11 and pH 14 because under these conditions they ran at experimentally feasible times and the results could be extrapolated to physiologically relevant pH values [22]. The influence of the TGase treatment time and the pH value of the swelling medium on the swelling kinetics was analyzed by means of a dynamic model. Dynamic model simulations are a powerful tool in the field of molecular sciences to understand complex processes such as parallel crystallization and aggregation [36], multistep swelling processes [21], or permeation of drugs during particle dissolution and membrane diffusion [37]. In addition, we investigated the effect of TGase treatment on SDS stability and the internal structure of CMPs.




2. Results and Discussion


Figure 1 shows the individual steps of the process for the gentle production of CMPs [15]. For the individual process steps, i.e., the preparation of the casein-pectin mixture, the solidification of the resulting aggregates in CMPs by film drying, and their preparation from the pectin matrix, standard conditions were chosen as described in Section 3.3. For the preparation of the samples for this study, the CMPs were then post-treated with 0.155% (w/w) TGase under moderate stirring for different times.



The cohesion and stability of CMPs can be investigated by turbidity measurements using SDS addition. Previous studies have shown that CMPs decompose completely and nearly mono-exponentially after the addition of SDS. This is an indication that CMPs are mainly stabilized by hydrophobic interactions. In contrast, calcium-mediated electrostatic contacts affect the rate of decomposition, as shown by analysis of the turbidity curves of CMPs preparations with added low-esterified pectin [18].



We studied the time course of the turbidity of a TGase-treated sample to test the influence of covalent cross-linking on the stability of CMPs. These experiments under non-physiological conditions should provide the first indication of whether TGase cross-linking is enough to ensure the structural integrity of the microparticles. The cross-linked CMPs sample exhibited higher initial turbidity in contrast to the untreated sample, as shown in Figure 2. This could be due to the fact that the protein content in these CMPs is higher because of the covalent cross-linking, which prevents the leakage of individual caseins [38]. Based on our microscopic observations we have no indications that a higher number of aggregated CMPs resulted from TGase-treatment. Furthermore, the turbidity of the cross-linked sample did not decrease mono-exponentially but linearly and to a lesser extent with time. We also studied the turbidity curve of an uncross-linked CMPs sample to which no SDS had been added in order to understand this result. As the comparison shows, this sample had lower turbidity at the beginning probably due to the lack of covalent cross-linking, but similar to the cross-linked sample with SDS, the turbidity decreased only slightly and linearly with time. This decrease was due to the much slower sedimentation to which the CMPs were exposed. Sedimentation depends not only on the diameter and density, but also on the shape of the CMPs. The two comparable linear sedimentation profiles show that TGase-treatment did not result in dramatic changes in the size, density, and shape of the CMPs, but did prevent their SDS-induced decay. The latter is probably a consequence of the covalent linkage of neighboring casein regions, which were previously stabilized only via hydrophobic interactions.



In addition to stability, we investigated the effect of TGase post-treatment on the swelling of individual CMPs at pH 11 and pH 14. This involved the use of sieve cells, which allowed microscopic single-particle observation of swelling in real-time [22]. In previous experiments, we had shown that the microparticles swell in a two-step process and finally disintegrate. Aiming to prevent the complete disintegration of the particles, we treated the CMPs with TGase for different time periods before the swelling experiments. Figure 3 shows the swelling kinetics of the CMPs at pH 11 (a–c) and at pH 14 (d–f). In each case, the results of the untreated CMPs are shown on the left for comparison, the results of the CMPs treated with TGase for one hour are shown in the middle, and the results of the CMPs treated for 24 h and 4 h are shown on the far right. The swelling curve of the untreated samples confirms our earlier observation that the CMPs swell slowly in the first step and then faster in the second step until they finally decay completely. While this takes several minutes at pH 11, at pH 14 swelling and complete disintegration occurred within seconds [22]. At pH 11, a 1 h TGase post-treatment of the CMPs led to a changed swelling curve. The initially steep increase of the particle area decreased more and more with increasing swelling time and finally approached a plateau value after approx. 2000 s.



However, periodic dips were detected in the swelling data, which occurred approximately every 1000 s and were never previously observed in the swelling curves of untreated CMPs. In contrast, the swelling kinetics of the same CMPs showed some striking differences at pH 14. For example, there was already a low initial swelling at the beginning before the swelling curve rose abruptly after approx. 50 s. After that, it dropped slightly and then continued to rise slowly at swelling times >150 s. This typical profile was even more pronounced for CMPs treated for 4 h with TGase. Under these conditions, the particle area swelled to 2.6 times the initial size at the beginning and reached a maximum value. In the further course, the particle area decreased just as quickly back to twice the initial size, and then from approx. 150 s onwards it showed a course similar to that of CMPs treated with TGase for 1 h only. In contrast, a 24 h treatment of CMPs with TGase led to complete suppression of the swelling process at pH 11.



We used system dynamic modelling to analyze the swelling kinetics. For the analysis of the two-step swelling kinetics of the uncross-linked CMPs, we previously used a sequential model [22]. The individual swelling steps were represented by two volume flows, each of which depended on the present volume of the particle, a rate, and a characteristic time at which the valve opened for the respective volume inflow. When modelling the swelling curves of CMPs treated with TGase, two special features must be taken into account. On the one hand, due to the cross-linking, the particles do not disintegrate after the swelling process but remain stable. On the other hand, the shape of the swelling curves depends on the treatment time with TGase, as observed in the right images compared to the middle images in Figure 3 (top and bottom row). This means that the degree of crosslinking changes with the treatment time and that the CMPs thus consist of one part of uncross-linked caseins and one part of cross-linked caseins [27].



Both fractions are considered in the parallel dynamic model shown in Figure 4. Studies on gelled food matrices have shown that cross-linking rates depend on the pore size and the accessibility of the substrates by the enzyme within the gel network [39,40]. Because caseins are most accessible to TGases at the surface, we assumed that cross-linked caseins formed a shell around a core of uncross-linked caseins inside the CMPs (Figure 4c).



The two casein fractions are assigned to the reservoirs Volume I and Volume II, and the sum of both gives the total volume that simulates the projected particle area taking the spherical approximation into account. Volume I, which describes the swelling state of the CMPs due to the uncross-linked caseins, increases only to a limited extent during swelling (blue curve in Figure 4b). We use second-order swelling kinetics for modelling, which was originally used for the swelling of gelatin and cellulose in the aqueous medium [41], but has recently also been successfully used to describe the swelling of micellar casein fibers [42]. In this approach, the rate of volume change depends on the specific swelling rate, expressed by the rate coefficient I (RC I), and on the square of the remaining swelling capacity      V ∞  − V o l u m e   I    , according to:


    d V o l u m e   I   d t   = R C   I ·      V ∞  − V o l u m e   I    2   



(1)







Complete decomposition by swelling, as occurs with untreated CMPs, is thus prevented by a decreasing swelling capacity with time, which could be caused by the increasing stress state of the network of cross-linked caseins. The maximum achieved swelling volume of the uncross-linked caseins V∞ changes as a function of the TGase treatment time. The corresponding values for V∞ obtained by model analysis normalized to the initial volume V1,0 are shown in Figure 6b. The maximum swelling volumes reach 2 to 2.2 times the initial volume after one hour of TGase treatment regardless of pH, while for untreated CMPs there is a pH dependence toward larger swelling volumes at higher pH values [22]. This observation suggests that the elongation state of TGase-treated CMP is dominated by the elastic restoring force of the cross-linked caseins and that the charge state of the caseins plays little role. In contrast, the maximum equilibrium degree of swelling is influenced by the treatment time with TGase, since more covalent bonds increase the elasticity of the network. The maximum degree of swelling decreased with increasing TGase treatment time to 1.8 after four hours of treatment at pH 14 or to 1 after 24 h of treatment at pH 11. According to our conception (see schematic Figure 4c), the corresponding network was located at the surface of the CMPs and forms a shell there, with an increasing proportion of the total volume with increasing TGase treatment time. The cross-linked caseins must be responsible for the unusually strong increase at the beginning of swelling and the subsequent deswelling observed at pH 14, particularly pronounced at longer TGase treatment times (see Figure 3). This characteristic part of the swelling curve is shown as a green curve in Figure 4b. The pronounced expansion peak is likely a result of over-expansion, where the network overstretched as a result of swelling and then retracted back to the equilibrium value (green curves in Figure 4b). The dynamic model simulated the influence of the network of cross-linked caseins through volume II. The corresponding volume change rate is composed of a swelling rate (rate II) and an unswelling rate (rate II*) to simulate the expansion and recovery of the network through volume II. While the swelling rate is a function of the rate coefficient II (RC II) and the total volume, the deswelling rate depends on volume II and on a specific deswelling rate expressed by RC II*.
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(2)







Figure 5 shows the analysis of the swelling data presented in Figure 3 with the parallel dynamic model. The kinetics of the projected particle areas (red curve, Figure 5, left) are obtained by applying the hard sphere approximation to the time course of the total volume resulting from the sum of the simulated volumes I and II (cyan curve, Figure 5, right).



From the simulation, it becomes clear that the component of cross-linked caseins (green curves in Figure 5, right) is more pronounced the higher the pH and the longer the TGase treatment time was. As the proportion of cross-links between the caseins increases with increasing treatment time, the peak also becomes more pronounced, as the comparison of Figure 5b with c shows. The pH dependence, on the other hand, can be explained by the viscoelastic material behavior of the casein network and the speed of the swelling process. The higher the pH of the exchange buffer, the faster the swelling [22].



If swelling is comparatively rapid, as at pH 14 (Figure 5b,c), overstretching of the casein network occurs and, similar to a spring, a restoring force occurs above a certain degree of swelling. The network contracts for entropic reasons and water is squeezed out of the CMPs. In contrast, if the network expands slowly, as in the case of swelling at pH 11, swelling and deswelling forces balance and the expansion of the CMPs slowly approach an equilibrium swelling value. The values of the parameters, which determine the volume curves via the rates of volume change in equations 1 and 2 are shown in Figure 6. The error bars were determined from the deviations of the model parameter values from the mean value after fitting the model to two swelling kinetics at pH 11 and pH 14 with 1 h TGase treatment and to three swelling kinetics of CMPs with 4 h TGase treatment, respectively.



The rates shown in Figure 6a for CMPs treated with TGase were smaller than for untreated CMPs. The corresponding values for the untreated CMPs ranged from 0.4 to 1.5 s−1 at pH 14 and from 0.001 to 0.005 s−1 at pH 11 [22], which at pH 14 was about 3 orders of magnitude and at pH 11 2–3 orders of magnitude larger (p < 0.05 in each case) than the values shown here for the TGase-treated samples. In contrast, for the characteristic times at which the swelling process starts, we could not find any significant differences, between the uncross-linked CMPs from [22] and the cross-linked CMPs shown here. However, the general pH trend of the untreated CMPs, where the rates become larger and the characteristic times become smaller with increasing pH, was also observed for all the determined rates of the TGase-treated CMPs (see Figure 6a,c,d). The p values with p = 0.095 that were slightly above the significance level of 5% can be attributed to the small number of observations. In contrast to the equilibrium swelling degree for the uncross-linked casein fraction achieved, the swelling rates were indeed dependent on the pH, and thus on the charge state of the caseins. The rising negative charge with increasing pH increases the electrostatic repulsion between caseins and improves the solvent quality [43], resulting in enhanced water binding and faster expansion. However, based on the swelling data collected so far, no differences in the rates for swelling and deswelling processes were observed with respect to the treatment time with TGase. However, a longer treatment time with TGase resulted in lower equilibrium degrees of swelling or a complete loss of swelling, as shown by the comparison of the swelling curves at pH 11 in Figure 3b,c. This trend was also seen at pH 14 in the equilibrium values for the uncross-linked casein fraction (Figure 6b), although the difference here was not significant (p = 0.190). The lower swelling capacity can be attributed to the stronger covalent cross-linking of the CMPs, which can also be achieved by higher cross-linker concentrations instead of treatment time. Studies with different concentrations of genipin showed that stronger cross-linking due to higher concentrations of cross-linking agent resulted in smaller casein hydrogel sizes [44]. In contrast, it was reported that a higher concentration of genipin as a cross-linker [45] or a longer cross-linking treatment time with genipin [46] resulted in a lesser amount of protein or drugs released from the hydrogel, which can be attributed to a denser network structure. With swelling, the mean spacing of the building blocks ζ inside the CMPs also changes, as we have recently shown [47]. These characteristic distances can be obtained by spatial autocorrelation of the gray-scale intensity of line cuts made from microscopic images of the particles during swelling. Figure 7 shows the results of the autocorrelation analysis of freshly prepared particles, which, as indicated by the specifications on the box plot, were subjected to 1, 4, and 24 h of TGase treatment and a subsequent swelling process at pH 11 or pH 14. The unswollen state of the CMPs treated with TGase for 1 h had a correlation length of ζ = 1 µm at pH 6.8. For the same CMPs, there was an increase in correlation length to approximately ζ = 3.1 ± 0.7 µm at pH 11 and ζ = 3.0 ± 1.1 µm at pH 14 (p < 0.05 in both cases), which can be attributed to swelling at both pH values.



These also indicated, as the equilibrium swelling degree in Figure 6b, that the correlation length of the inner structure in TGase-treated CMPs was independent of the charge state of the caseins. This is also confirmed by the results for the CMPs with 4 h of TGase treatment. Regardless of the pH of the swelling medium, the correlation length of the internal microstructure decreased to an average value of ζ = 1.8 µm (p > 0.05). This value then remained unchanged even after prolonged treatment, as shown by the data at pH 11 and 24 h treatment time (p > 0.05).




3. Material and Methods


3.1. Materials


Sodium hydroxide (1M), hydrochloric acid (1M), sodium azide, and pectinase from Aspergillus niger were purchased from Merck (Merk, Darmstadt, Germany). Casein micelle (CM) concentrate powder MC88 was kindly provided by Milei GmbH Germany and citrus pectin (highly methylated pectin classic CU 201) was obtained from Herbstreith & Fox (Herbstreith & Fox GmbH & Co. KG, Neuenbürg, Germany). The product Activa WM containing microbial transglutaminase was kindly provided by Ajinomoto Foods, Hamburg, Germany. Sodium dodecyl sulfate (SDS), ultra-pure Bis-Tris, calcium chloride, and all salts (purity >99% or analytical grade) for simulated milk ultrafiltrate (SMUF) preparation were purchased from VWR, Darmstadt, Germany. Milli-Q water was obtained from our lab.




3.2. Preparation of Working Solutions


Simulated milk ultrafiltrate (SMUF) solution was prepared according to a procedure described by Dumpler in 2017 [48]. All salts were dissolved in milli-Q water allowing the complete dissolution of one salt before the next salt was added. Finally, pH was adjusted to 6.8 with the required amount of 1M KOH. 0.5 g/L. Sodium azide was additionally poured to SMUF in order to prevent microbial growth [31,49].



Bis-Tris buffer solution (50 mM Bis-Tris, 10 mM CaCl2) was prepared by adding 10.462 g Bis-Tris in a 1000 mL volumetric flask containing about 980 mL milli-Q water and stirred until dissolved. After complete dissolution, 1.11 g CaCl2 was added to the solution and stirred to dissolve at room temperature. Finally, the pH of the solution was adjusted to 6.8 with 1M HCl and filled to 1L with milli-Q water.



Pectin solution (2% w/w) was prepared by dissolving 1 g of highly methylated citrus pectin in 49 g Bis-Tris buffer solution (50 mM Bis-Tris, 10 mM CaCl2) at 80 °C with vigorous stirring for 3 h until all the pectin had dissolved and a clear solution was formed. The pectin solution was then cooled down to room temperature. Finally, the pH was adjusted to 6.8 with 1M NaOH.



Casein dispersion was prepared by dissolving MC88 powder in SMUF to obtain a final casein concentration of 7.36% (w/w). The suspension was stirred moderately for 1 h at room temperature, then overnight at 4 °C, and finally for another hour in a water bath at 37 °C, each at 150 rpm. The pH value of the casein solution was 6.7.



Pectinase solution was prepared by adding 0.47 mL pectinase (activity ≈ 800 units per mL) from Aspergillus niger to 10 g Bis-Tris buffer (50 mM Bis-Tris, 10 mM CaCl2) and mixed properly to obtain the final enzyme activity ≈ 36 units/mL. The solution was prepared immediately before adding to the film.




3.3. Preparation of Casein Microparticles


The CMPs were prepared by depletion flocculation induced by the addition of pectin to the casein suspension, according to the protocol described by Zhuang [15]. Pectin solution, CM dispersion and Bis-Tris buffer solution were mixed together in a ratio of 15:41:44, respectively, to obtain a mixed solution having 3% (w/w) casein and 0.3% (w/w) pectin. A lower concentration of pectin (0.3%) was used to induce a depletion flocculation reaction; where the casein-pectin attractive interaction is not dominant but the volume exclusion by pectin is responsible for the formation of casein aggregates [50]. A 3.9 g portion of this mixed dispersion was filled into a Petri dish and dried for t = 16 h overnight at T = 22 °C in a controlled environment with a relative humidity of RH = 45%. The deformable aggregates formed after the addition of pectin were then compressed and solidified by the film-drying step. For the hydrolysis of casein-pectin film, 10 mL enzyme solution was added to each Petri dish and the hydrolysis was carried out by placing the Petri dish in an Eppendorf ThermoMixer (Eppendorf AG, Germany) at T = 47 °C and shaken for t = 2 h at 300 rpm. After the hydrolysis, the turbid supernatant was carefully pipetted into a 15 mL centrifugation tube for subsequent centrifugation at 1500 g for t = 10 min at 22 °C. The resulting pellet containing the CMPs was dissolved again in BisTris buffer solution at pH 6.8 and stored at T = 4 °C in the refrigerator until further use within the next 48 h.




3.4. Enzymatic Cross-Linking


For the cross-linking of the CMPs, the industrial product Activa WM, was used, containing microbial TGase with a specific activity of 81–135 U/g. The CMPs were cross-linked according to [27,31,51]. The Activa WM provided by Ajinomoto Foods, Germany was added to the sample to achieve an enzyme mass fraction of 0.155% (w/w) in the sample. The sample was incubated in a water bath at 30 °C for 1, 4 and 24 h with moderate stirring (150 rpm). The enzyme was then inactivated in the sample by heating to 70 °C for 10 min with moderate stirring and then rapidly cooled in ice water.




3.5. CMPs Morphology Using Line Cut Data


The internal structure of CMPs was studied using the line cuts of microscopic images. For this purpose, the microscopic images of particles with or without cross-linked and swelled at different pH conditions were taken. The image analysis software ImageJ 1.5.3 (National Institute of Health, Bethesda, MD, USA) [52] was used to extract the gray value intensities of the individual pixels along the line cuts. A detailed procedure was described elsewhere by Schulte in 2021. Briefly, a 200 × 200 pixel area around the designated particle was selected to have an identical size for the line cuts. Then, a horizontal line was drawn across the middle of the newly nominated particle for all 200-pixel distances with the help of the “Straight” selection tool. Subsequently, the gray value intensities were read along the line cut using the “Plot profile” tool. To determine the characteristic mean distance between internal granular structures of the CMPs, the line cuts were smoothed and autocorrelated using the program mathcad 15.0 (PTC Mathcad, Cambridge, MA, USA). For each sample, at least 10 particles were analyzed.




3.6. Stability Experiments


For investigating the chemical stability of CMPs, the turbidity of CMP dispersions before and after the addition of sodium dodecyl sulfate (SDS) was measured at λ = 600 nm with a Lambda365 UV-VIS spectrometer from PerkinElmer, Boston, MA, USA. Two milliliters of CMPs in Bis-Tris buffer dispersion were filled into UV-Vis semi-micro cuvettes (Eppendorf AG, Hamburg, Germany) with a path length of 10 mm. For the reference sample, pure BisTris buffer solution without CMPs was used in identical cuvettes. At a wavelength of λ = 600 nm, and a gap width of 1 nm the turbidity was recorded over t = 600 s at T = RT. The turbidity was recorded once every second. After the turbidity of CMP dispersion without SDS was measured, the cuvette was taken out of the UV-Vis spectrometer and 36.6 µL of 520 mM SDS solution was added to the CMP dispersion inside the cuvette, resulting in an overall SDS concentration of 9.34 mM. The cuvette was subsequently turned upside down 2 times to ensure sufficient mixing before it was reinserted into the UV-Vis spectrometer and the measurement was started. Turbidity measurements were undertaken for CMPs that were cross-linked for t = 1 h, 4 h and 24 h and compared to CMPs without cross-linking treatment.




3.7. pH-Dependent Swelling Experiments


We used the swelling setup as described by Schulte [22]. Briefly, the swelling chamber was filled with CMPs dispersion (in Bis-Tris buffer, pH 6.8) and placed under Leica DMIL LED inverted microscope (Leica Microsystems, GmbH, Wetzlar, Germany) connected with a Basler camera (Basler AG, Ahrensburg, Germany). The dispersion was allowed to stand for approx. 10 min to sediment the CMPs into the sieve holes. A PHD ULTRA™ syringe pump (Harvard Apparatus, Holliston, MA, USA) was connected with the swelling chamber by polyethylene tubes (internal diameter Ø 0.55 mm). The surrounding medium of CMPs was replaced by aqueous solution with pH 11 and 14 adjusted by NaOH. We added Thymol blue in the running solution as an indicator to prove that medium exchange was completed [21]. The pump flow rate was set at 0.05 mL per min to carry the surrounding medium (pH 11 and 14). The swelling behaviour of (N = 3) CMPs without cross-linking, (N = 2) CMPs cross-linked for t = 1 h, and (N = 2) CMPs cross-linked for t = 24 h were studied at pH 11. In addition, (N = 2) CMPs cross-linked for t = 1 h and (N = 3) CMPs cross-linked for t = 4 h were investigated at pH 14.




3.8. Dynamic Model and Data Analysis


A dynamic model for the swelling kinetics of the CMPs was developed based on stocks and flows using Stella software 1.6 (iseesystems.com, Lebanon, NH, accessed on 15 February 2018). Based on the model, the volume change of the CMPs results from the sum of inflows and outflows that depend on specific rates and levels of certain volume reservoirs. The system of underlying differential equations was solved using the Euler integration method with a simulation time step of 0.25 s. The transformation of the simulated volume profiles to the projected particle area was carried out using the spherical approximation. ANOVA analysis was performed to test on the basis of the obtained p-values whether the observed differences in the means were statistically significant.





4. Conclusions


Post-treatment with TGase stabilizes CMPs by preventing their SDS- and swelling-induced decomposition. While the swelling process is enhanced with increasing pH of the swelling medium as in untreated CMPs, we observe otherwise in TGase-treated CMPs that instead of decomposition, an equilibrium swelling value is reached at the end of the swelling process and that characteristic differences in the swelling curve appear. At the beginning of the kinetics, there is increased swelling, which, if it occurs rapidly as at pH 14, is followed by deswelling. Since deswelling occurs more strongly in CMPs with a long TGase treatment time, we attribute this effect to the cross-linked casein component. When the network is stretched, a restoring force occurs for entropic reasons. As a result, the elastic casein network contracts, squeezing out water and shrinking the CMPs. At pH 11, on the other hand, swelling occurs slowly without any deswelling taking place. Instead, the CMPs slowly expand, approaching the equilibrium swelling degree. All swelling kinetics of CMPs with different TGase treatment times and at different pH values can be described with a parallel dynamic model. The size changes of the CMPs can be modelled by the change of a spherical volume reservoir, which is composed of two additive subvolumes. While one partial volume represents the casein fraction cross-linked by TGases and, according to our ideas, surrounds the particles like a shell, the second partial volume stands for the uncross-linked caseins inside, which can only expand to a limited extent due to the network of cross-linked caseins. The model is also supported by the fact that both the maximum degree of swelling of this uncross-linked casein fraction and the correlation length of the microstructure is pH-independent, and that both lengths decrease with increasing TGase treatment time. Future use of angle-dependent light scattering, ultra-small angle X-ray scattering as well as high-resolution microscopic techniques also allowing nanomechanical characterisation may help in further determining whether the hypothesis of core-shell assembly of TGase-treated casein microparticles is valid [53,54,55]. Furthermore, it should be verified whether during TGase treatment inclusion of non-desirable matter such as TGase itself occurs.
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Figure 1. Manufacturing process of CMPs that first leads to aggregates of casein micelles by volume exclusion of the added pectin, which are subsequently solidified by film drying to form CMPs that are then released by degradation of the pectin matrix by pectinase and resolubilized in buffer at pH 6.7. The subsequent cross-linking of the CMPs produced by the enzyme TGase is highlighted. 
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Figure 2. Turbidity as a function of time of CMPs with (dark gray) and without TGase treatment (black) after the addition of SDS. The measured data of a CMPs sample without TGase treatment and SDS addition is also shown (light gray). 
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Figure 3. Change in relative particle area with increasing swelling time for CMPs at pH 11 ((a) without cross-links, (b) cross-linked for 1 h & (c) cross-linked for 24 h) and at pH 14 ((d) without cross-links, (e) cross-linked for 1 h & (f) cross-linked for 4 h). 
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Figure 4. Analysis of the swelling process of CMPs treated with TGase. (a) Parallel system dynamics model; (b) Time course of the different swelling fractions and (c) schematic representation of the CMPs consisting of a core of uncross-linked and a shell of cross-linked caseins (Not true to scale). 
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Figure 5. Simulation of swelling kinetics with a parallel dynamic model (red curve, left) based on the change of corresponding volumes (blue curve: volume I; green curve: volume II; cyan curve: total volume; right) for individual CMPs (a) at pH 11 after TGase treatment for 1 h; (b) at pH 14 after TGase treatment for 1 h and (c) at pH 14 after TGase treatment for 4 h. 
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Figure 6. Values of the parameters, which determine the volume curves in Figure 5 via the rates of volume change: Rate coefficient versus characteristic time (a) and relative equilibrium swelling volume (b) for the uncross-linked casein and rate coefficient versus characteristic time for the swelling (c) and deswelling (d) process of the cross-linked caseins. Vertical and horizontal error bars correspond to the standard deviation. 
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Figure 7. Characteristic distances of the microstructure of CMPs at different pH values and different TGase treatment times (1, 4 & 24 h) obtained by spatial correlation analysis of the gray values of line cuts through microscopic images. The error bars correspond to the standard deviation. 






Figure 7. Characteristic distances of the microstructure of CMPs at different pH values and different TGase treatment times (1, 4 & 24 h) obtained by spatial correlation analysis of the gray values of line cuts through microscopic images. The error bars correspond to the standard deviation.



[image: Ijms 23 11837 g007]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
=





media/file4.png
turbidity

1.2

(B8

0.8 -

0.6 A

04 -

0.2~

0.0

= cross-linked + SDS
untreated
e untreated + SDS

0

100

200 300 400

time (s)

500





nav.xhtml


  ijms-23-11837


  
    		
      ijms-23-11837
    


  




  





media/file2.png
@® casein micelle

= soluble pectin
transglutaminase,TGase
casein microparticle, CMP

aw pectin matrix

~™  physical bonds
pectinase

r o

K. :?; e —
. \
"..

™ ¢

Casein-pectin Drying for film
mix preparation formation

CMPs Preparation and
crosslinking

Film hydrolysis

]
—_— —_— —_— —_— —_— —_— — —_— —_— —_— —_— —_— —_— —_— —_— —_— 1

CMPs |solat|on | Crosslinking by TGase
by pectinase by centrifugation |_ for1,4& 24 h

Crosslink
by TGase

Lys
o"
ST






media/file5.jpg
T 25 “*To 45
= c
g P 0 mJ\
s
@ 20 38 as
S
2 s s
g |
2 2
'§ 15 24h
20 20
T
£ 15 15
3 without il
= 10 A 10
o %0 w0 o0 o0 o tm a0 o s 0 w0 w0 10
time (s) time (s) time (s)
o 2 2
] e s
8. b
2 20
% 22
£ 28 8 20
g 18
2 i
i
2 14
T 15 14
£ vithout| 1h| "2 4n
2w {10 10

O 1 2 3 40 wm m W @ 0 wo @ %o
time (s) time (s) time (s)





media/file3.jpg
12

0.2 4

= cross-linked + SDS
untreated
® untreated + SDS

0.0






media/file1.jpg
® cason mcele.
= soluble pectin
wansgutaminase TGase.
casein meroparice, CMP
pectin matix
physicalbonds.
pectnaso

CMPs Preparation and
crosslinking

Casein-pectin  Drying o film
mixpreparation - formation

Film hydrolysis CMPs solation | Crossinking by TGase
by pectinase by centrifugation | _ _for 1,48 24 h






media/file7.jpg
‘Sweling time





media/file10.png
Projected area (um?)

Projected area (um?)

Projected area (um?)

200

100

30

950 1800 2850
Swelling time (s)

3800

0

100 200 300
Swelling time (s)

400

0

100 200 300
Swelling time (s)

400

Model volume (fL) Model volume (fL)

Model volume (fL)

2k

101

20.7

300

150

950 1900 2850
Swelling time (s)

3800

100 200 300
Swelling time (s)

400

100 200 300
Swelling time (s)





media/file12.png
Rate coefficient | (s™1)

Rate coefficient Il (s™1)

1073

1074 -

107>

1071

10—2d

1073

a v pH14;1h
m pH14;4h
e pH11;1h
1 10 100 1000 10000
Characteristic time | (s)
—a-
10 100 1000

Characteristic time Il (s)

Rate coefficient Il (s™1)

V. /Volume1 (-)

24

2.2 -
2.0 -
1.8 -
1.6 -
1.4 -
1.2 -

1.0

10°

10—1.

10—2.

1073

b
%
d
g
t

Characteristic time 11* (s)

1000





media/file9.jpg
Projected area (um?) Projected area (um?)

Projected area (um?)

200

100

o

o

%0 10 2850 3800

‘Sweling tme (s)

Sweling time (s)

00 200 300

W0

Model volume (L) Model volume (L)

Model volume (1L)

% a

%0 1900 2850 3800

Swelling tme (s)

101

s07

0 10 200 300 40
Swelling time (5)

W w0 %0
Swelling time (s)

w0

o 0 a0 %0 a0
Swelling time (s)





media/file0.png





media/file14.png
& (um)






media/file8.png
Model volume

Volume | -'

Swelling time

Total volume

..
Radius






media/file11.jpg
Rate coefficient | (s™%)

Rate coefficient

1073 24
= pHi44n -~ 22
il =2 0
T,
Bl |
w0 E
g e ‘
L
— Y 1
> 12
10°% 10
T w e
Characteristic time | (s)
10 10° d
"
1 - -y
1072
1077
. }
10 107
by = S . P e

Characteristic time Il (s)

Characteristic time II* ()





media/file6.png
Normalized particle area (-)

Normalized particle area (-)

2.5 45
C
4.0 1
3.5 -
2.0 -
3.0 -
2.5
15 - 24 h
2.0
1.5
without ; St s
10 T T T P T T T 1.0 = e
0 200 400 600 800 0 1000 2000 3000 4000 O 500 1000 1500
time (s) time (s) time (s)
3.5 2.4 2.8
2.2 - 26 7
3.0 4 24
2.0 -
2.2 -
2.5 - 1.8 4 20 -
2.0 - 1.6 1 181
1.6
1.4 -
1.5 - 1.4 1
1.2 -
: 1.2
without 1h 4 h
1.0 . | : 1.0 . . . 1.0 . ; .
0 1 2 3 4 0 100 200 300 400 0 100 200 300 400
time (s) time (s) time (s)





